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1 Introduction

P92 steel is commonly employed for USC and AUSC power plants for components that have operat-
ing temperatures in the range of 550-620 °C. At such high temperature material undergoes several micro-
structural changes, which ultimately affect the mechanical properties of the material. The degradation in me-
chanical properties results in the failure of the components. High-temperature mechanical strength of the P92
steel depends on the microstructure and mechanical properties of the virgin steel, i.e. before putting in ser-
vice condition. The strength of P92 steel in a virgin state is derived from the solid solution and precipitate
strengthening, which are derived from varying heat treatments. Hence, it becomes necessary to study the ef-
fect of varying heat input on the microstructure and mechanical properties of P92 steel. P92 steel was devel-
oped by adding strong carbide and carbonitride forming elements, such as 0.2 wt.% vanadium, 0.08 wt.%
niobium, and 0.05 wt.% nitrogen [1] in P9 steel. P92 steel is processed tempered martensitic microstructure
obtained by normalizing and tempering treatment (N&T). Normalizing of P91 steel is generally carried out
in the austenitizing temperature range of 1040-1060 °C for 20—40 min, followed by air cooling. The subse-
quent tempering is performed in the temperature range of 730—780 °C for 1-2 h, followed by air cooling. The
strength of P92 steel is primarily derived from its stable microstructure. The stability of microstructure is
governed by the tempered martensitic lath structure, sub-grain size, prior-austenite grain boundaries
(PAGBSs), lath width, lath boundaries, precipitates size and their distribution inside the structure, dislocation
density, precipitates morphology and their amount [2]. Presence of high dislocation density, pinning of pre-
cipitates like Cr-rich M23Cs [M: Cr, Fe, Mn, Mo], V and Nb-rich MX and solute atom, result in a large driv-
ing force required for recovery that produces a stable structure as required for high creep strength. The me-
chanical properties of P92 steel are governed by the solid solution hardening, sub-grain size hardening, and
precipitation hardening. The microstructure and mechanical properties of P91 steel were found to be more
sensitive to normalizing and tempering temperature and time.

Shrestha et al. [3] studied the effect of varying normalizing temperature (1020-1100 °C), normaliz-
ing time (2-8 h), tempering temperature (690—790 °C), tempering time (2—20 h) on microstructure evolution
and hardness of P912 steel. Martensitic lath size and PAGs size were observed to be increased with increase
in normalizing temperature (fixed normalizing time) and time (fixed normalizing temperature). The hardness
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of steel was found to decrease with increase in normalizing temperature and time. The hardness of P92 steel
was reported to decrease with an increase in tempering temperature to lower critical temperature (Ac1). The
reactions associated with thermal phase transformation for Aci, Acs, 1270 °C temperatures are given below

0+ MyCy +(V,NO)(C,N) = .+ MyCy + (V,NO)(C,N) +7 820 (A,)°C; (1)
0L+ + MyCq + (V, NB)(C, N) =7+ (V, Nb)(C, N) 870 (A,)°C ; )
v+ (V,Nb)(C,N) > v+8+Nb(C, N) 1270 °C. 3)

The dissolution of M23Cs precipitates started above Ac temperature and was found to be completed
at Acs temperature. V-rich MX precipitates also dissolved at a temperature of 1270 °C. The dissolution of
precipitates results in the higher availability of C and N in a matrix, which led to increase in solid solution
strengthening. Effect of varying normalizing temperature (1010-1100 °C) and tempering temperature (730—
780 °C) on microstructure evolution and mechanical properties was performed by Golanski [4]. Strength
properties were reported to be optimum in normalizing temperature range of 1010-1040 °C, while optimum
plastic properties like Charpy toughness and ductility were obtained in the temperature range of 1070—
1100 °C. Increase in tempering temperature from 730 °C to 780 °C led to a reduction in strength and increase
in plastic properties. Golafiski and Stania [5] have reported similar results for the cast and forged P91 steel.
Jones et al. [6] have studied the effect of cooling medium and varying tempering temperature (650—760 °C)
on precipitate evolution. Annealing of the tempered sample was also performed for varying annealing tem-
perature (550-650 °C) and time of 1000 h. In air-cooled condition, coarse lath structure was obtained clearly
due to slow cooling rate. In water-quenched condition, microstructure was found to be free from precipitates
except for residue precipitates of NbC and (Fe, Cr)sC that remain undissolved during normalizing. For low
tempering temperature of 550 °C, hardness remains unaffected by tempering time, while at higher tempering
temperature, hardness decreased continuously with increase in tempering time and stabilized after 1 h. VV-rich
V-Cr-Nb precipitates were observed just after 16 min of tempering at 760 °C. Cr-rich Cr-V-Fe precipitates
were observed after 16 min of tempering and converted to more stable Cr-rich (Cr, Fe, M0)23Cs after 30 min.
A continuous increase in Cr/Fe ratio was also reported with an increase in tempering time at a tempering
temperature of 760 °C. Lower tempering temperature (650 °C and 700 °C) has not found a significant effect
on dislocation structure and lath morphology of normalized sample. The precipitates evolutions at low tem-
pering temperature were also smaller as compared to tempering at 760 °C for 1 h of tempering time. Normal-
izing temperature has also found a great effect on precipitation morphology of fine MX and MsX precipitates
[7]. The precipitates present in the microstructure of P92 steel were dissolved during normalizing treatment,
except for MX and M3C. The size of M3C was reported to be independent of normalizing temperature, while
MX size increased with increase in normalizing temperature. The fraction area of both precipitates was ob-
served to decrease with increase in normalizing temperature. Change in chemical composition of MX precip-
itates was also observed with increase in normalizing temperature. Yoshino et al. [8] also reported that spher-
ical MX and platelet of M3sC were distributed heterogeneously in the normalized condition of P91 steel. The
formation of MsC might have happened during the cooling from normalizing temperature in the lean region
of V and Nb in the matrix. Norefia et al. [9] had performed the study related to the evolution of minor phases
under different normalizing and tempering condition. In tempering temperature range of 300-400 °C, the
microstructure of P91 steel mainly consisted of Nb-rich spherical shape MX particles, which were not dis-
solved during normalizing. The evolution of V-rich MX precipitates was observed for tempering above
600 °C. The size of V-rich MX precipitates was smaller compared to Nb-rich MX. The Fe-rich MsC precipi-
tates were not dissolved completely during normalizing temperature up to 1250 °C. M3C particles were ob-
served at tempering temperature of 500 °C or below than 500 °C. Microstructure in furnace-cooled condition
that has ferrite and precipitates showed the lower value of diffusion coefficient compared to the air-cooled
condition. The minimum value of diffusion coefficient was measured for sample tempered at 500 °C. The
ductile-brittle transition temperature (DBTT) of P91 steel was studied for varying reheat temperature [10].
The strength of P91 steel was observed to increase with an increase in reheat temperature due to the
dissolution of existing precipitates in the temperature range of 1025-1100 °C. The DBTT was observed to be
strongly dependent on grain size and higher DBTT was reported for coarse grain structure. Optimum
strength and Charpy toughness combination were observed at a normalizing temperature of 1025 °C.
Karthikeyan et al. [11] have also studied the effect of double normalizing treatment on microstructure evolu-
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tion, DBTT, creep strength and tensile properties of P91 steel. The double austenitizing based on normaliz-
ing and tempering treatment (DNT) was observed to be superior in terms of grain size, tensile properties,
creep strength and DBTT characteristic compared to conventional normalizing and tempering treatment
(CNT). Long-term ageing was also reported at 550 °C for 5000 h. The M2X formation was observed more
frequently during long-term exposure for CNT. Laves phase formation was also reported for long-term
treatment. Karthikeyan et al. [12] have also reported the similar results for DNT treatment.

Effect of long-term ageing on precipitate evolution behavior and room temperature tensile properties
of P92 steel were also performed by many researchers. Homolova“ et al. [13] studied the thermal defor-
mation history on microstructure evolution and stability of P92 steel in the temperature range of 580-650 °C.
For low-temperature range (580-620 °C), Laves phase formed after the long duration, while for the sample
without deformation Laves phase formed after 1000 h of annealing at 650 °C. For all temperatures, Cr/Fe
ratio in MxCe increased with ageing time. Kafexihu et al. [14] performed ageing of P91 and
X20CrMoV121 steel at 650 °C and 760 °C for varying ageing time (2 h, 4320 h, 8760 h and 1752 h). The
study related to room temperature tensile properties and hardness after long-term ageing was performed. It
was observed that tempering at 650 °C has a relatively small effect on mechanical properties as compared to
tempering at 760 °C. Senior et al. [15] studied the effect of ageing on plastic behavior of 9Cr-1Mo steel. A
continuous reduction in ductility was observed with increase in ageing time. The ductility failure was mainly
led by inclusion and precipitation of nucleated voids. The reduction in ductility after 1000 h was attributed to
nucleation of voids on carbide particles. After 5000 h, Laves phase formation that provided void nucleation
sites and led to a reduction in ductility was observed. After Laves phase formation, void nucleation rate at
carbides was decreased. Sathyanarayanan et al. [16] have studied the effect of ageing temperature and time
on DBTT of P92 steel by using the reference temperature approach under dynamic loading condition (T,%).
At 650 °C, a drastic increase in T,% was observed, while at 600 °C, a moderate increase was observed. Age-
ing in the temperature range of 600-650 °C for 10000 h resulted in the formation of Laves phase that led to
embrittling effect and ultimate increase in ToY. Golafiski and Kepa [17] performed the ageing of cast
P92 steel and studied its effect on microstructure evolution and mechanical properties. The ageing was per-
formed in the temperature range of 550-600 °C for varying ageing time (2000 h and 6000 h). Ageing up to
6000 h has a negligible effect on the tensile properties, hardness and lath morphology of P92 steel. Ageing
resulted in a drastic decrease in Charpy toughness value. The decrease in Charpy toughness value was at-
tributed to the formation of Laves phase after long-term ageing of 6000 h.

2 Materials and methods

The present section has been divided into three parts. The first part deals with the introduction of the
"as-received" P92 steel microstructure and mechanical properties. The effect of varying normalizing tempera-
ture (950-1150 °C) on microstructure evolution and mechanical properties of P92 steel has been performed.
The tempering is carried out for a fixed temperature of 760 °C for 2 h. In the second section, the effect of vary-
ing tempering temperature and time on the microstructure evolution and mechanical properties has been carried
out. The microstructure and mechanical properties have also been studied in the different cooling medium. The
third section deals with the evolution of microstructure and degradation of mechanical properties as a result of
the long-term ageing.

The base metal used for the experiment was modified 9Cr-1Mo steel (P92) with an outer diameter of
60.3 mm and thickness of 11 mm. P92 steel, also known as modified 9Cr-1Mo-V-Nb steel, is designated as P92
for pipe, T92 for tube and ASTM A335 for the plate. The material in "as-received" condition, according to the
manufacturer, was austenitized at 1040 °C for 10 min and air-cooled, then tempered at 760 °C for 2 h, and final-
ly air-cooled. The chemical composition of the P92 steel used in the present investigation was evaluated
through an optical emission spectrometer (Make: Metavision, model: 1008i) in the laboratory. Chemical com-
position is depicted in Table 1.

Table 1. Chemical composition of P92 steel (wt. %)

Chemical composition (wt. %)
C Mn | Cr Si Mo |V Nb | Ni Ti Cu | Fe
P92 steel | 0.12 | 0.54 | 8.48 | 0.28 | 0.95 | 0.18 | 0.05 | 0.35 | 0.012 | 0.06 | Rest

Element

The as-received P92 steel was subjected to different heat treatment as discussed below.
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The as-received P92 steel was subjected to varying
normalizing condition in the temperature range of 950-
1150 °C with a fixed tempering temperature of 760 °C. The

Table 2. Conventional normalizing and
tempering condition for various samples

normalizing and tempering conditions are depicted in Ta- [ Sample | Normalizing Tempering
. . . no. temperature, °C | temperature, °C
ble 2. The normalizing was carried out for 60 min. 1 950 760
After the normalizing, P92 steel was subjected to dif- > 1000 760
ferent tempering temperature in the temperature range of 350- 3 1050 760
1000 °C for 2 h, and finally air-cooled. The effect of the 4 1100 760
cooling medium was also studied. The heat treatment matrix 5 1150 760

for tempering is shown in Table 3.

Table 3. Different heat treatment regimes performed on P92 steel, investigated in present study

Material state Microstructure Heat treatment
. . austenitizing at 1040 °C for 10 min,
as received (AR) tempered martensite air-cooled + tempered at 760 °C for 2 h
air-cooled (AC) as quenched martensite AR+ austen|t|2|r_19 at 1.040 C for 40 min,
air cooling
tempered at 350 °C and tempered martensite o
air-cooled (T350-AC) (partially) AC + tempered at 350 °C for 2 h
tempered at 650 °C and . o
air-cooled (T650-AC) fully tempered martensite AC + tempered at 650 °C for 2 h
tempered at 760 °C for 2 h and . o
air-cooled (T760-2-AC) fully tempered martensite AC + tempered at 760 °C for 2 h
re-austenitized at 1000 °C and . o
air-cooled (r-A1000-AC) as quenched martensite AC + tempered at 1000 °C for 2 h
tempered at 760 °C for 2 hand | fully tempered martensite AC + annealed at 760 °C for 2 h,
furnace-cooled (T760-2-FC) + ferrite furnace-cooled
tempered at 760 °C for 4 h and . o
air-cooled (T760-4-AC) fully tempered martensite AC + tempered at 760 °C for 4 h
tempered at 760 °C for 6 h and . o
air-cooled (T760-6-AC) fully tempered martensite AC + tempered at 760 °C for 6 h
tempered at 760 °C for 8 h and . o
air-cooled (T760-8-AC) fully tempered martensite AC + tempered at 760 °C for 8 h
tempered at 760 °C for 2 h and . R
water-quenched (T760-2-WQ) tempered martensite AC + quenched at 760 °C for 2 h

In order to reveal the microstructure of heat-treated samples in the different metallurgical state, the
metallographic techniques were used. The specimens were polished by emery paper up to grit size of 1500
and the cloth polished using alumina powder. After polishing samples were etched by using Vilella’s reagent
solution 1 g picric acid + 5 ml HCI + 100 ml ethanol). To characterize the microstructure of heat-treated
samples at different magnification SEMQUANTA 200 field emission scanning electron microscope
(FESEM) with energy dispersive X-ray spectroscopy (EDS) was used with accelerating voltage of 20 kV,
10-nA probe current for a working distance of 8 mm. The samples used for SEM have also been used for an
optical microscope (OM). For phase determination in various heat treatment conditions, X-ray diffraction
(XRD) analysis was carried out by using the D-8 Bruker AXS diffract to meter. XRD analysis was per-
formed by using Cu-target, with the working voltage and current of 40 kV and 30 mA, respectively.

The harnesses of P92 steel in as-received and at different heat-treated conditions were measured by
using Vicker’s micro hardness tester (Omnitech-S Auto) using load value of 500 g and dwell time of 10 s.
Static-tensile test at room temperature was performed for both as-received and heat-treated P92 steel as per
ASTM A370-14 [18] standard, for gauge length and width of 25 mm and 6.25 mm, respectively. For room
temperature tensile tests, Instron 5982 Vertical Tensile Testing was used for constant cross-head speed of
1 mm/min. To study the Charpy toughness of P92 base metal in as-received and heat-treated conditions,
standard sub-size V-notch specimens (55x10x7.5 mm?) were prepared according to ASTM A370-14 [18].
For each test, three samples were prepared and an average of three test results was reported. To study the
fracture surface morphology of tensile tested specimen, FESEM analysis was performed.
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3 Results and discussion
3.1 As-received material

Typical secondary electron, back-scattered and optical micrographs of P92 steel are shown in Fig. 1, a—d.
The material was supplied in normalizing and tempering condition. Normalizing of P92 steel results in the
formation of martensitic microstructure with high dislocation density with the evolution of precipitates during
tempering of steel. The microstructure reveals the presence of the tempered martensitic structure. In the tem-
pered martensitic microstructure, prior austenite grain boundaries (PAGBs) and lath packet / block boundaries
are beautified by the coarse carbide precipitates of different shape and sizes. The PAGBs are clearly indicated
by the black-dotted line in SEM micrograph as shown in Fig. 1, a. At higher magnification, i.e. 50.0 Kx, accu-
mulation of coarse carbide particles along the PAGBs is clearly observed in Fig. 1, c. The higher density of
precipitates along the PAGBs and lower density inside the intra-lath region are also confirmed from the
Fig. 1, b. The precipitates decorated along the PAGBs and lath boundaries were confirmed as Cr, Fe and Mo-
rich M23Cs, while inside the intra-lath region they were confirmed as V and Nb-rich MX(X: C, N) [9, 19]. It is
difficult to observe the fine MX precipitates because of very small size in the order of 15-40 nm [20]. Higher
Cr concentration at the PAGBs and higher carbon diffusion coefficient are mainly responsible for the formation

of Cr-rich M23Cs type precipitates. In as-received condition (N&T) of P92 steel, 70% of MX type preC|p|tates

belong to V(C&N) and remaining 30%
— to Nb (C&N). The primary Nb-rich
MX type precipitates form during the
normalizing, while secondary MX pre-
cipitates (mainly VVN) form during the
tempering treatment. The optical micro-
graph shows the presence of PAGB:s,
sub-grain boundaries and precipitates, as
shown in Fig. 1, d. Inside the sub-grain
boundaries, high dislocation density was
reported by Panait et al. [20]. The aver-
age grain size measured for as-received
P92 steel from SEM micrograph was
about 35+12.54 um and good agreement
was found with grain size measured
from the optical micrograph of as- Fig. 1. Typical secondary electron micrograph of P92 steel (a);
received base metal, which was about backscattered electron image (b); secondary electron micrograph at 50Kx
showing M23Cs coarse precipitates at grain boundary and fine M23Cs and
MX precipitates in the inter-lath region (c); typical optical micrographs (d)

41410.45 pm. The grain size was ob-
served to be similar as reported by Ari-
vazhagan and Kamraj [21].

The energy dispersive X-ray spectroscopy (EDS)
was carried out to identify the precipitates present along the
PAGBs and grain interior region. Table 4 shows the chemi-
cal composition of marked location in Fig. 2. From Table 4,
coarse precipitate at the point A (PAGBS) is identified as
Cr, Fe and Mo-rich M23Cs. The point B shows higher Nb
concentration of 4.97 wt% and 0.62 wt% V, which indicates
the formation of V and Nb-rich MX particles. 7.32 wt% Cr
and 0.14 wt% Nb at point D are higher than 6.20 wt% Cr
and 0.00 wt% Nb at point C due to the local dissolution of
the M2sCs carbide. Point E indicates the chemical composi- ] o ]
tion of Fe-rich matrix region that has 8.78 wt% Cr and | Fig- 2. Marked location in the microstructure
80.78 Wt% Fe. The similar results have also been reported of P92 steel for the EDX point analysis
by Wang et al. [22].
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The EDS spectra of precipitates
(Fig. 3,a) located along the PAGBs is
shown in Fig. 3, b. The SEM-EDS analy-
sis of precipitates confirmed the presence
of Cr, Fe, Mo and V elements. The pres-
ence of secondary phase elements
confirms the formation of M23Cs phase
(M: Cr, Fe, and Mo), while V presence
indicates the formation of fine VC precip-
itates. The line elemental mapping of pre-
cipitates was also carried out, as shown in
Fig. 3, b. The line elemental mapping re-
veals that higher Cr concentration is en-
countered in M23Cs phase. The concentra-
tion of V and Mo remains the same while
Fe concentration goes down. As-received
mechanical properties of P92 steel are
depicted in Table 5.

Table 4. Chemical composition of Point A to E marked in Fig. 2

Points Points Element composition (Wt%) Possible
Fe Cr |Mo| Si | Mn| V | Nb phase

A | 6911|1460 | 232 | 051 | 0.45 | 0.20 | 0.6 | FMoTich
M2sCs

B | 6630 | 1003 | 143 | 046 | 009 | 062 | 497 | VNRTEN
Fe-rich

C |6916| 620 | 083|042 041|033 | - | 0
D |6578| 7.32 | 108 | 0.45 | 025 | 0.05 | 0.14 | eTich
matrix

E |8084| 878 | 123|051 068|009 |037| "erieh
matrix

Table 5. Mechanical properties of P92 steel in as-received state

P92
steel

Yield Tensile Elongation, | Hardness, | Toughness,
strength, | strength, o Y 3
MPa MPa °
475+25 715+15 2042 247+5 198+8

The XRD pattern for P92 steel in the as-received state is shown in Fig. 4. P92 steel might contain the
following precipitates: carbides or carbonitride MsC, M(C, N), M2(C, N), M7Cs, M23Cs (M stands for metal-
lic solute atom such as Fe, Cr, Mn, V, Nb, Mo) and other inter metallic precipitates. The sequence of precipi-

tation for P92 steel is as follows [23]:

M3C + MC — M3C + MC + M2»3Cs— M3C + MC + M23Cgs + M7C3— MC + M23Cs + M7Cas. (4)
Decreasing Fe 8004 (MmCa
MnnC..
CI’-C|
\ 800 4 VN Mni2:C
| Fe,Wy Fe,C,
(Increasing Cr . Fo
S L1
g VN
sm FesC VC
'-'.-""r.‘."‘-“"-" ""“'.\H"““' "‘(%'?f‘—'.‘-"-hr. '4\:.):-‘#‘;‘. M F(\:;::'b CT:}C», E;;:: CrN
0 M
40 60 80 100 120
Angle (2¢)
Fig. 3. Precipitate selection showing for: Fig.4. X-ray diffraction pattern
a — line mapping; b — EDS spectra of white M23Cs particle; for "as-received" P92 steel
¢ — line mapping of white M23Cg particle
Table 6. Structure and lattice parameter of phases identified in XRD analysis
S. no | Phase identified Structure Lattice parameter (A°) Density (gm/cm?®)
1 Cr23Cs Cubic a=10.63, b=10.63, c=10.63 6.97
2 Mn23Cs Cubic a=10.58, b=10.58, c=10.58 7.48
3 Cr:Cs Orthorhombic | a=7.01, b=12.15, c=4.53 —
4 Mn;Cs Orthorhombic | a=6.94, b=11.98, c=4.54 7.39
5 Fe:Cs Hexagonal a=6.88, b=6.88, c=4.54 7.61
6 FesC Orthorhombic a=5.04, b=6.73, c=4.51 7.80
7 Cr:N Cubic a=4.81, b=4.81, c=4.81 6.78
8 VC Cubic a=4.165, b=4.165, c=4.165 5.64
9 VN Cubic a=4.09, b=4.09, c=4.09 6.30
10 NbC Cubic a=4.47, b=4.47, c=4.47 —
11 NbN Cubic a=4.92, b=4.92, c=4.92 8.35
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Through the XRD pattern, the phase identified in the as-received state of P92 steel are Mn and Cr-
rich M23Cs, Nb-rich MX particles, Fe, Cr and Mn-rich M;Cs, and Cr-rich M2X. Structure and lattice pa-
rameter obtained for each phase are represented in Table 6. The similar lattice parameter and structure for
MX and M23Cs phase was also reported by Huntao-Norena et al. [24].

3.2 Effect of normalizing temperature
3.2.1 Microstructure evolution

Microstructures of P92 steel for differ-
ent normalizing conditions (Table 2) are shown
in Fig. 5, a-b. Normalized steel mainly exhibits
lath martensitic structure with distinct PAGBs.
The martensitic laths have a spatial orientation in
one direction within lath packets or groups inside
the prior austenite grains (PAGS), as shown in
Fig. 5, b. Normalizing results in dissolution of
M23Cs and V-rich MX precipitates. P92 steel has
very high tendency to form martensite even un-
der slower cooling rate, i.e. furnace cooling. For
a higher normalizing temperature of 1150 °C,
dissolution of precipitates and width of lath
boundary are found to be increased, as shown in
Fig. 5, b. Yoshino et al. [7] also reported the de-
crease in fraction area of precipitates with an
increase in normalizing temperature. The undis-
solved precipitates are clearly seen in higher
magnification micrograph, as shown in Fig. 5, c.
It was reported that the precipitates which remain
undissolved during the normalizing are mainly
MX and Fe-rich M3C. The presence of MX and
Fe-rich MsC particles after normalizing in the
temperature range of 600-1240 °C was also re-
ported by Jones et al. [6].

Maruyama et al. [25] reported that the
precipitate that remains undissolved is mainly
Type | NbX. Size of undissolved spherical par-
ticles is observed to be varied from 30 to
90 nm. Length of platelets shape elongated
particles is varied 80 to 120 nm and width is
varied from 15 to 25 nm. Spherical shape parti-
cles were confirmed as Nb-rich MX while
platelets shape as MsC [24]. EDS spectra of
EDS spot 1 and EDS spot 2 confirm that the
particles present in the matrix and lying along
the lath boundaries are mainly Cr, Fe, Mo and
Nb. The higher weight percentage of Fe and C
confirms the presence of FesC, while Nb indi-
cates the presence of NbC precipitates.

Tempering of normalized P92 steel re-
sulted in the formation of tempered martensite
with the evolution of precipitates that provide
the stability to microstructure. The micrographs
of P92 steel in different normalizing and tem-
pering (N&T) conditions are shown in Fig. 6.

44

Fig. 5. Secondary electron micrograph of P92 steel normalized at
(a—c )higher magnification micrograph of steel normalized
at showing un-dissolved precipitates and EDS spectra of EDS(within
grain(d, e) EDS spectra of EDS (at the grain boundary) showing:
a—950°C; b-1150°C;c—950°C;d-spot1;e-spot2

(a) 950 °C/760°C

(e} 1050 “C/760°C

- PAGEs \

Fig. 6. SEM micrograph of P92 steel in normalizing and tempering
conditions (a—€) and compositional variations of M23Cs carbides
as a function of normalizing temperature (f):

a— 950 °C/760 °C; b — 1000 °C/760 °C; ¢ — 1050 °C/760 °C;

d —1100 °C/760 °C ; e — 1150 °C/760 °C
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Tempering was performed at a constant temperature of 760 °C for 2 h. SEM micrograph at higher
magnification, i.e. 50.0 Kx, is shown in the top right corner of respective low magnification micrographs. SEM
micrograph at higher magnification is used in the further study of particles distribution and their size measure-
ment. The higher density of coarse particles having different size and shape is observed along the PAGBs, sub-
grain boundaries, and lath blocks. The intra-lath region shows the uniform distribution of fine spherical precipi-
tates. The coarse precipitates located along the boundaries are confirmed as Fe, Cr and Mo-rich M23Cg, While
inside the intra-lath region those are VV and Nb-rich MX [20, 22]. For a fixed tempering temperature, increase in
normalizing temperature leads to a reduction in the availability of grain boundaries for the precipitation to oc-
cur, which might be the cause of the decrease in area fraction of precipitates. After N&T, heterogeneity in size
of precipitates was noticed. The size of precipitates was observed to be varied from 35 nm to 240 nm. For a
fixed tempering temperature of 760 °C, the relative change in the composition of M23Cs carbide with normaliz-
ing temperature is shown in Fig. 6, f. The various elements present in M23Cs carbides and their ratio was quanti-
fied from the EDS spectra. For base metal, Cr/Fe ratio was calculated and is about 0.295. A continuous increase
in the Cr/Fe ratio with normalizing temperature was observed up to a normalizing temperature of 1050 °C and
after that, it decreased. The minimum and maximum value of Cr/Fe ratio were calculated for a normalizing
temperature of 1150 °C and 1050 °C, respectively. The increase in Cr/Fe ratio is attributed to the evolution of
meta stable M23Cs phase due to thermal activation that drives diffusion of Cr into the carbides and M23Cs
progresses towards achieving the thermally stable Cr23Cs configuration [26].

The schematic evolution of precipitates and lath boundaries, lath packets and lath blocks during the
normalizing and tempering process is shown in Fig. 7.

In the as-received state, size of precipitates was observed to be varying from 25 to 285 nm. The precipi-
tates having a size in the range of 20 to 40 nm are confirmed as MX precipitates [20]. The average size of car-
bide precipitates present at the grain boundary and intra-lath was observed to be 194+25 nm and 135+20 nm,
respectively. The average precipitate size was measured to be 145+40 nm. A comparative study of the size of
particles present at the grain boundary and within the grain in different N&T conditions is given in Fig. 8, a-b.
From Fig. 8, a-b, it was observed that with P
an increase in normalizing temperature, size / 252
of precipitates present at the PAGBS and | as.received P92 steel _.|\
within matrix decreased up to a normalizing \ £
temperature of 1100 °C, beyond that a dras- -, 390 e ot gt
tic increase was observed, which is quite "ok
harmful from creep strength point of view. | Fig. 7. Schematic evolutions of precipitates during normalizing and

The MxCs particles are more effective in tempering
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; l' B |
i |
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tive pinning at sub-grain boundaries and A

cation. The carbide particles M23Cs in the i

range of 100-200 nm were observed to be ke
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ries [27]. Normalizing beyond 1150 °C re- =
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cipitates, however, it was less than the parti- " Nommakeing temoersture ()
cle size of the as-received material. Hence,
normalizing of P91 steel beyond 1150 °C
was not preferable.

Fig. 8. Variation in particle size for varying normalizing and
fixed tempering temperature at (a, b) region and
variation in particle-to-particle distance for varying N&T condition (c):
a— PAGBs; b —inside intra-lath
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The average particle-to-particle distance mainly depends upon carbide phase (f) and size of particles (d).
The particle-to-particle spacing (L) is given by equation (4) [28]

_4d

- ©)

nf 3

For the same quantity of carbide phase, the introduction of data relevant to the P91 tested steel in equa-
tion (5) gives L=3.86d. According to this, particle-to-particle distance grows four times faster than particle size.
The inter-particle spacing is graphically presented in Fig. 8, ¢. For constant tempering temperature, in-
crease in normalizing temperature results in a reduction in inter-particle spacing and it continues up to 1100 °C

and after that increases drastically up to 0.53 pm.

Optical micrograph of P92 steel in
different N&T conditions is shown in Fig. 9, a—
c. Tempering of normalized P92 steel results in
carbon and nitrogen rejection from solid
solution and formation of carbide and nitride
precipitates. Sub-grain boundaries are observed
inside the prior-austenite grains (PAGSs).The
precipitates along the PAGBs, sub-grain
boundaries, lath boundaries and inside the
matrix region are clearly seen in the optical
micrograph. From Fig. 9, d, it is clearly seen
that for fixed tempering temperature, increase in
normalizing temperature leads to the grain
coarsening. For P92 steel normalized at 1150 °C
when it undergoes tempering process, a great
amount of coarsening observed, as shown in
Fig. 9,d. For N&T P92 steel, small variation
was observed in grain size up to a normalizing
temperature of 1100 °C and after that drastic
increase was observed as a result of dissolution
of precipitates, as shown in Fig. 9, d.

950 1000 1050 1100 1150
Normafizing tempesius (°C)

Fig. 9. Optical micrograph of P92 steel for different N&T condition
(a—c) and variation in grain size for different normalizing
temperature (°C) and fixed tempering temperature (760 °C) (d):
a— 950 °C/760 °C; b — 1050 °C/760 °C; ¢ — 1150 °C/760 °C

3.2.2 Tensile properties e
For a fixed tempering tempera- | «
ture, variation in ultimate tensile strength : .
(UTS) and vyield strength (YS) value t
with normalizing temperature is shown i
in Fig. 10, a-b. YS and UTS are ob- g
served to be increased with increase in "

normalizing temperature. Initially, with a
change in normalizing temperature from | g
950 °C to 1000 °C, changes in UTS and "
YS are very high. After 1000 °C, with an »
increase in normalizing temperature, the i
rate of change in UTS was found to be | ="
very small and degree of change in YS
was almost constant. »

The steel normalized at a higher
temperature, i.e. 1150 °C, shows high YS
and UTS because of coarse grain size and

(b)
> s @
.,/' 2
. /—— s gt
o
H /
ror '/
; o
/
/ 1 223 /
. — =
Y - /
/ /
. s
50 1000 4050 1100 1" uss) 1000 1050 1100 1150
Normabzng temgeraloe (C) Nomabzng tempemture (C)
@, .
s N\
.‘ ./ \I | /‘ Il‘
\ // ny / \
— : ]
> \
5 .
i "~ \\_I
i | \
; L ‘l -\_/ //
{
. |
\ LR |
.
w0 1000 sos 1100 13m0 559 000 1000 100 1150

Notmabang termganntos (C) Nonmalzing temperavre {°C)
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46

ISSN 2709-2984. IIpobnemu mawunobyoysanna. 2022. T. 25. Ne 2



HIGH TECHNOLOGY IN MECHANICAL ENGINEERING

boundaries per unit area that leads to the smaller precipitation of carbides and carbonitrides and ultimately higher
availability of carbon (C) and nitrogen (N) in the solution matrix. The higher availability of C and N in the solu-
tion matrix leads the solid solution strengthening that results in increases in UTS and YS of sample normalized
at 1150 °C compared to other samples normalized in the temperature range of 950-1100 °C. The percentage
elongation and percentage reduction in the area for varying normalizing temperature are shown in Fig. 10, c-d.
Both are observed to be decreased with increase in normalizing time from 950 °C to 1000 °C for constant tem-
pering time and then increased from 1000 °C to 1050 °C and beyond that decreased continuously up to 1150 °C.

3.2.3 Hardness and Charpy toughness PR (b) 270 - Hardness Charpy toughness | 180
The hardness of P92 steel was [ **%] , 3
measured to be 247+5 HV in the as- | =*1 l— g% '3
received state as given in Table 5. Mi- | = g™ g
crohardness of P92 steel in different | £ § 20 0 g
normalizing and N&T conditions are | 5“1 £ A w3
shown in Fig. 11, a-b. The hardness | 5~ - N = 0l
of P91 steel depends on various terms | = G ) : -
such as the fine MX precipitates, grain 850 1000 1050 1100 1150 T L
size, dislocation density, precipitation VRS IO s fixod fempening tamperature of 760 °C
hta rder:;]ng,_ an2dg 305 Ollql_h 50"4“0” Fig. 11. Variation of hardness with normalizing temperature showing:
;;f(;]r?esse glang,gZ[ stéel vallas obseer\r/?dcr[g a— variation in hardness and Charpy toughness; b — for varying N&T conditions

be increased with increase in normalizing temperature and it might be due to increase in the quantity of fresh
martensite, and solid solution hardening. The fraction area of MX and M3C was reported to be decreased with
increase in normalizing temperature [7]. The dissolution of precipitates with an increase in normalizing temper-
ature leads to solid solution strengthening due to higher availability of C and N in the solution matrix. This
might be one of the possible causes of the increase in hardness of P92 steel with an increase in normalizing
temperature. During tempering treatment of these normalized samples for given tempering temperature of
760 °C, the hardness decreased due to the tempering of martensite and reduction in solid solution hardening.
Tempering process results in the evolution of precipitates that leads to precipitation hardening but at the same
time reduction in C and N in the solution matrix leads to the reduction in solid solution hardening. The reduc-
tion in solid solution hardening dominates over the increase in precipitation hardening that results in a reduction
in hardness value after the tempering process. For constant tempering temperature, microhardness was ob-
served to be increased with increase in normalizing temperature, as shown in Fig. 11, b. However, the degree of
hardness, which increased for the samples normalized in the temperature range of 950-1000 °C and 1050—
1100 °C, was found to be relatively lower compared to the degree of increase in hardness for samples normal-
ized in the temperature range of 1100-1150 °C. Sample normalized at low temperature shows fine grain struc-
tures, coarsening of undissolved precipitates, and precipitation of large number of carbides (solution becomes
depleted from C and N) during tempering, which might be the cause of lower hardness. However, in case of
high normalizing temperature, tempering results in lower precipitation of carbides due to smaller availability of
precipitate nucleation sites (PAGBs, lath boundaries). A large number of C and N present in solid solution
leads to the solid solution strengthening that results in higher hardness value at higher normalizing temperature.

In an as-received state, the room temperature Charpy toughness of base metal was measured to be
about 198+8 Joules. At constant tempering temperature of 760 °C, variation in room temperature Charpy
toughness of P92 steel with normalizing temperature is shown in Fig. 11, b. The Charpy toughness was ob-
served to be decreased with the increase in normalizing temperature. It was also observed that the extent of
reduction in toughness with an increase in normalizing temperature was uniform up to 1050 °C. However, a
drastic reduction in toughness (about 15%) was observed with increase in normalizing temperature from
1050 °C to 1100 °C. With higher normalizing temperature, the cracking of secondary particles and decohe-
sion at the precipitate/matrix occurred, which in turn resulted in reduction in toughness of P92 steel. Higher
solid solution hardening also results in the formation of brittle columnar lath martensite with higher C per-
centage that leads to poor toughness for higher normalizing and constant tempering temperature.
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3.3 Effect of tempering temperatures and cooling conditions

After the study of varying normalizing temperature, the study of the effect of varying tempering tem-
perature on microstructure evolution and mechanical properties of P92 steel for a fixed normalizing tempera-
ture was performed. For further study on the effect of tempering temperature on microstructure evolution and
mechanical properties of P92 steel, normalizing was carried out at 1040 °C for 40 min, followed by air cooling.

3.3.1 Effect of tempering temperatures and cooling conditions

Secondary electron micrograph in SUNTEEE it ‘ . "Up-#issolved
AC (normalized) condition for different | B s B . | -prkcipitates
magnification is shown in Fig. 12. Low | EEESSEESEEEEanE e » “'/r
magnification micrograph shows un- ’ '
tempered lath martensite in form of pack-
ets or groups within PAGBSs and sub-grain
boundaries. At low magnification, negli-
gible precipitates were observed along the L,
boundaries and inside the intra-lath region, | ' L =
as shown in Fig. 12, a. The spatial orienta- Fig. 12. SEM micrograph of P92 steel in AC condition showing:

tion of martensitic lath present within prior a— PAGBs and lath martensite, b — undissolved precipitates
austenltg grain boundarle_s and hetero_ge:- Table 7. Mechanical properties of P92 steel in normalized state (AC)
neous distribution of undissolved precipi- Yield Tensile .

tates are clearly shown in Fig. 12,b. The [ pg, strength, | strength Elongation, | Hardness, | Toughness,
length of the packets or groups varies from | steel | MPa | MPa . % HV J
5.43t0 15 um and width varies from 3.52 90020 | 136315 | 16+1.5 | 461+8.54 |  68+4

to 8.5 um. The average grain size was measured to be 50+16 um. The undissolved precipitates are confirmed
as spherical MX and coarse platelet of MsC cementite [24]. Jones et al. [6] have also reported the presence of
NbC and (Fe, Cr)sC as undissolved precipitates in P92 steel after the normalizing. The formation of Ms;C might
happen during the cooling from normalizing temperature in the lean region of V and Nb in the matrix. The parti-
cles inside the intra-lath region show spherical shape. The size of precipitates is measured in the range of 50—
169 nm, except for a single particle of size 230 nm. The average precipitate size is measured as 85+35 nm, which
is higher than the size of spherical precipitates measured after normalizing at 950 °C. A few particles with size
less than 40 nm were also observed.

The particle with the size less than 30 nm was difficult to resolve using the SEM. The coarsening of
undissolved precipitates with an increase in normalizing temperature was also reported by Yoshino et al. [8].
Mechanical properties of P92 steel in the normalizing state are given in Table 7. Higher YS, UTS and hard-
ness in AC state are attributed to the presence of untempered brittle martensite in the microstructure.

3.3.2 Tempering effect on microstructure evolution

After the normalizing, tempering
was performed as per Table 2. Initially
tempering was performed at 350 °C for 2 h
(T350-AC). In T350-AC condition, sec- _
ondary electron micrograph in different NPAGBS;.’":L(”',’
magnification is shown in Fig. 13, a-b. In : /
T350-AC condition, no significant change
was observed in the microstructure as
compared to AC condition. Microstructure
represents the typical lath martensitic struc-
ture, as shown in Fig. 13, a. Lath blocks

-

Lath

Fig. 13. Microstructure of P92 steel after tempering at 350 °C (T350-AC):
a— in low magnification; b — at high magnification

and undissolved precipitates are shown in Fig. 13, b. Small particles were observed inside the intra-lath region at
higher magnification having diverse morphologies and sizes. The size of precipitates was measured in the range
of 30-178 nm with an average size of 80+30 nm. The reduction in average precipitate size after tempering at
350 °C is attributed to the formation of new fine MX precipitates. Cr and Fe-rich M+Cs particles evolution during
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tempering was also observed [19]. The length of the packets region is varied from 7.34 to 15.26 um and width
is varied from 2.78 to 11.78 um. The average grain size for T350-AC measured was about 49+15 pum, which is

almost similar to AC condition of P92 steel.

The microstructure of P92 steel af-
ter tempering at 650 °C (T650-AC) consists
of a higher density of precipitates as com-
pared to T350-AC, as shown in Fig. 14, a.
The microstructure mainly consists of tem-
pered martensite with M23Cs and MX pre-
cipitates. The decoration of carbide precipi-
tates along the PAGBs and martensitic lath
boundaries is clearly observed from
Fig. 14, b. The higher density of precipi-
tates along the boundaries is clearly ob-
served in the back-scattered micrograph. In
650-AC condition, precipitates mainly
consist of Cr, Fe and Mo-rich M3C¢ car-
bides, Cr-rich Cr,C and NbX carbonitrides
[6]. Size, shape and distribution of particles
inside the matrix and along the boundaries
are clearly observed in Fig.14,¢c. The
globular shape and needle shape particles
are observed along the PAGBs, while al-
most spherical shape particles were ob-
served inside the intra-lath region. The par-
ticle size is observed to be varied from 30—
220nm  with average size about
112+45 nm. The particle having size less
than 40 nm is considered as V and Nb-rich
MX precipitates [20]. From SEM micro-
graph, average grain size measured for the
T650-AC condition was about 46+26 pm.
Fig. 14, d shows the EDS spectra of white
particles present along the PAGBs
(Fig. 14, c). The EDS spectra confirm the
presence of secondary phase carbide parti-
cles. The higher weight percentage of Cr,
Fe and Mo confirms the formation of
M.3Cs precipitates along the PAGBs.

The P92 steel heated at 760 °C
(T760-2-AC) for 2 h shows the formation
of fully tempered martensite, as shown in
Fig. 15, a. A larger number of M2Cs type
carbide precipitates is distributed along
PAGBs and lath boundaries. The fine va-
nadium and niobium rich MX type precipi-
tates are dispersed within grains and
strengthen the matrix phase. After temper-
ing at 760 °C, grain size reduced as com-
pared to steel tempered at 650 °C that re-
sults in the number of grains per unit area
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Fig. 14. Micrograph of P92 steel in T650-AC condition:
a— secondary electron micrograph; b — back-scattered micrograph;
¢ — micrograph at higher magnification;
d — EDS spectra of particles located along PAGBs
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Fig. 15. Micrograph of P92 steel in T760-2-AC condition:
a— micrograph at 5000x; b — micrograph at 50000x;
¢ — optical micrograph at 500Xx;
d — micrograph for r-A1000-AC condition;
e — EDS spectra of particle for T760-2-AC condition
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being increased and provides the sides for large precipitation of carbide particles. Hence, in the T760-2-AC
condition, the number of grains, number density of precipitates along sub-grain boundaries and precipitate densi-
ty within grain increased compared to T650-AC and T350-AC condition. Morphology of precipitates present
along the PAGBs and inside the intra-lath region is shown in Fig. 15, b.

The particles sizes were observed to be varied from 31-246 nm with average particle size about
110+39 nm. Hence, no change in the average size of precipitates was observed with increase in tempering
temperature from 650 °C to 760 °C. The size of prior austenite grains was measured to be about 39+6 um. A
typical optical micrograph is shown in Fig. 15, ¢. For T650-AC condition, limited M23Cs and MX precipi-
tates were reported as compared to T760-2-AC [15]. In AC condition, the presence of Cr and Fe-rich MsC
precipitates is observed. The tempering at lower temperature results in the formation of Cr-rich Cr,C phase,
which further transformed into M23Cs with the dissolution of MsC phase.

Tempering at 1000 °C (r-A1000-AC) for 2 h produced a considerable change in the microstructure as
compared to T760-2-AC condition (below Ac: temperature), as shown in Fig. 15, d. Tempering at 1000 °C
can be considered as the re-austenitizing of steel. Tempering at 1000 °C resulted in the dissolution of precipi-
tates that leads the C and N percentage in the solution matrix. That results in the formation of brittle fresh
martensite. Length of platelets shape FesC cementite particles varies from 80 to 565 nm and width varies
from 80 to 217 nm. The average size of spherical particles was measured to be 90+45 nm, which indicates
the coarsening of undissolved precipitates as compared to AC and T350 condition.

3.3.3 Furnace-cooled (T760-2-FC) and water- quenched (T760 2- WQ) condition
Heating at 760 °C for 2 h with sub- e
sequent slow cooling (FC) results in aus-
tenite transformation to ferrite, as shown in
Fig. 16, a. Furnace cooling results in the
non-uniform ferrite grain size with a higher
density of coarse carbide precipitates main-
ly along the PAGBs. Compared to air cool-
ing (T760-2-AC), furnace cooling pro-
duced the coarse grains. The microstructure
is characterized by the presence of coarse
and fine precipitates with equiaxed tem-
pered martensite. After the furnace cooling,
carbide precipitates of average size about
158440 nm were observed, this was much
higher than in the T650-AC and T760-2-
AC condition. The size of particles was
observed to be varied from 35-268 nm. Fig. 16. Micrograph in furnace-cooled condition (a, b) and

The density of coarse precipitates was ob- in water-quenched condition (c, d) showing:
served to be higher as compared to fine a — grain boundaries and precipitates; b — morphology of precipitates;
precipitates. Coarsening of PAGs is also ¢ — lath boundaries and precipitates; d — morphology of precipitates

observed after the furnace cooling. The average grain size measured in T760-2-FC condition was about
51+18 um from SEM micrograph. A good agreement was found with grain size measured from the optical mi-
crograph, which was about 48.17+16.65 um. The micrograph of P92 steel in water-quenched (T760-2-WQ)
state is shown in Fig. 16, c—d. The typical columnar lath morphology is clearly seen from Fig. 16, c. The accu-
mulation of carbide particles at the lath blocks is clearly indicated in Fig. 16, d. The microstructure mainly con-
sisted of elongated lath martensite with an average width of 0.7224+0.143 um. In higher magnification micro-
graph, mainly globular and spherical shape coarse particles were observed. The average size of precipitates
present both at the lath boundaries and in the matrix was calculated to be 159+47 nm, which was similar to the
particle size in the T760-2-FC state. The particles size was observed to be varied from 35-276 nm that indicate§
the presence of higher density of coarse precipitates. Dislocation density was also observed to be higher in
T760-2-WQ condition.
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3.3.4 Tensile properties

Fig. 17, a shows the effect of different tempering temperature on yield strength (YS), and ultimate ten-
sile strength (UTS) of P92 steel. Maximum Y'S and UTS were measured in AC condition at about 900 MPa and
1363 MPa. Higher UTS and YS in AC condition are attributed to the presence of untempered lath martensite and
higher slid solution hardening. YS and UTS decreased after the tempering. Tempering of P92 steel included the
lath break up, carbides precipitation, reduction in solid solution hardening due to precipitation, reduction in dis-
location density and thermal straining of existing precipitates. Tempering at 350 °C did not produced any signifi-
cant effect on YS and UTS as compared to AC state because of ineffective tempering reaction. Increase in tem-
pering temperature from 350 °C to 650 °C produced a drastic decrease in the YS and UTS due to the tempering
of martensite and evolution of precipitates. Tempering reaction resulted in the higher evolution of C and N from
the solution matrix that led to a reduction in solid solution strengthening. This resulted in a reduced value of YS
and UTS in T650-AC condition compared to T350-AC conditions. Tempering at 760 °C resulted in further re-
duction of YS and UTS of P92 steel. In T650-AC and T760-2-AC, reduction in solid solution hardening domi-
nates to increase in precipitation hardening. Further, re-austenitizing of steel in AC condition increases the YS
and UTS compared to the T760-2-AC condition due to the dissolution of precipitates and formation of untem-
pered lath martensite. In r-A1000-AC condition, high solid solution hardening led to higher YS and UTS.

In T760-2-FC condition, lower YS and UTS were observed because of grain and precipitates coarsen-
ing. The lower YS and UTS were also obtained in WQ condition as shown in Fig. 17, a. The YS and UTS are
strongly affected by the tempering temperature. The increase in tempering temperature below the lower critical
temperature leads to decrease in YS and UTS. The decrease in YS and UTS is strongly affected by area fraction
of precipitates, their size and size of the grain. The coarser precipitates at higher temperature have fewer
tendencies to act as dislocation movement barrier, which may cause the decrease in strength. In r-A1000-AC
conditions, due to dissolution of precipitates, C and N came into the solution matrix and aided solid solution
hardening. This resulted in enhanced YS and UTS in r-A1000-AC condition.

Percentage elongation for base metal in the as-received state was found to be 20% for gauge length of
25 mm. In AC state, a significant change in elongation and reduction in area were observed because of brittle
fracture. Variation in % elongation and reduction in area for the tensile tested specimen with the increase in
tempering temperature are shown in Fig. 17, b. The percentage elongation was observed to be increased with
increase in tempering temperature from X - ®)
350°C to 760°C. The steel tempered at 1091 ' 08
760 °C exhibited good ductility along with |
better YS and UTS. After 760 °C, there is an
increase in tempering temperature, i.e. r-
A1000-AC state. A drastic change is ob- 0] N |
served in % elongation and there is a reduc- woy ° Tl fao
tion in this area due to brittle fracture. Forr-| s o o e oo o
A1000-AC, % elongation and reduction in L&
the area were measured to be 12% and 21% '

respectively, which indicated a brittle frac- | iy 17 variation in UTS and YS of P92 steel in different heat treatment
ture of material and it occurred due to un- condition (a, b) showing :

tempered martensitic microstructure. a — variation in % elongation; b — % reduction in area

5 S8 N aongation % educhion in areas

o4
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3.3.5 Hardness and Charpy toughness

The "as-received" hardness of P92 steel was 247+5 HV. A drastic change was noted in hardness after
austenitizing at 1040 °C for 40 min due to the formation of untempered lath martensite. The austenitizing results
in higher solid solution strengthening due to the dissolution of precipitates. The variation in hardness for varying
heat treatment condition is shown in Fig. 18. The variation in hardness depends on precipitation hardening, solid
solution hardening, fine precipitates density, and dislocation density. In T350-AC condition, hardness value is
decreased but not as much as compared to AC state because of negligible precipitation. A noticeable change is
observed, as tempering temperature increased from 350 °C to 650 °C. Tempering at 650 °C leads to a reduction
in the solid solution strengthening that results in a decrease in the hardness of P92 steel in T650-AC condition
compared to T350-AC condition. In T760-2-AC condition, because of fine grain formation, the number of grains
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per unit area is increased as compared to the T650-AC condition that provides the precipitate nucleation sites.
This resulted in higher area fraction of precipitates in T760-2-AC condition. The increase in the area fraction of
precipitates leads to the decrease in hardness because of reduction in solid solution strengthening. The increase
in tempering temperature results in higher number of fine precipitates at the surface that might be contributing to
the hardness of P92 steel due to precipitation hardening. The precipitation hardening effect is observed to be neg-
ligible as compared to solid solution hardening effect. With further increase in tempering temperature from
760 °C to 1000 °C, the hardness is observed to be increased due to formation of brittle fresh untempered lath
martensite. In r-A1000-AC condition, dissolution of precipitates leads to the formation of untempered lath mar-
tensite with a higher weight percentage of C and N. In T760-2-FC condition, slow cooling rate, precipitates and
grain coarsening lead to a poor hardness value. In T760-2-WQ state, hardness is observed to be increased be-
cause of formation of quenched lath martensite and higher dislocation density. The increase in tempering tem-
perature also leads to the reduction in dislocation density, which might have contributed to variation in hardness
with respect to tempering temperature.

Charpy impact toughness value of P92 steel at room temperature was measured to be 198+8. The var-
iation in Charpy toughness value with varying heat treatment condition is shown in Fig. 19. Normalizing

of as-received P92 steel (AC) resulted in a drastic de-

— Charpy toughness (Joules)

crease in toughness value and it reduced up to 240+ . Microhardness (HV) -500
80+6 Joules because of the presence of untempered lath _ 2201 2 B
martensite in the microstructure. Tempering of austen- £ 2004 S
itized P92 steel at 350 °C does not severely affect its 3 1804 40T
toughness value because of partial tempering of the lath 2 160 350 @
; ; E.o &
martensite and value is measured to be 130+6 Joules. £ 140 300 2
The positive increment in toughness value of P92 is 3 120 250 fg
observed after tempering at 650 °C due to tempering §*00; o0 =
reaction. The maximum value of Charpy toughness is 5 91
measured to be 220+4.5 Joules in the T760-2-AC state. 601 -

The lowest value of toughness is observed in r-A1000-
AC condition due to the presence of highly brittle fresh
untempered martensite. In T760-2-FC and T760-2-WQ
conditions, Charpy toughness value is measured to be
165+4 and 148+6 Joules, respectively, which was high- | Fig. 18. Variation in hardness and Charpy toughness
er than the toughness value measured in T350-AC con- of 92 steel in different operating conditions
dition. The lower toughness value obtained in T760-2-
WQ condition indicates the presence of quench marten-
site. The grain coarsening and cracking of secondary
phase carbide particles during thermal straining and
decohesion at precipitates and matrix interface might
have been responsible for the reduction in toughness
value as compared to the T760-2-AC condition.

A combined study has been done to obtain the
optimum combination of mechanical properties in dif- .
ferent operating conditions. From Fig. 19, it can be in- 2001 e M 00
ferred that optimum combination of UTS, YS, and 11113 A — 8 . 5+0
hardness was observed in AC s and r-A1000-AC state NI A 0 &
but at this condition, Charpy toughness is lower, which 2 s &4
is the reqUired essential property for P92 steel in operat- P92 steel in (Iiffcrcn; operating condition
ing condition. The other optimum combination of all
four properties was noticed at the tempering tempera- Flg 19. Combined effect of various heat treatment
ture of 650 °C and 760 °C. It was observed that at conditions on YS, UTS, Charpy toughness, and
650 °C, toughness was lower and another drawback microhardness of P92 steel

of the T650-AC condition is lower number density of precipitates as compared to the T760-2-AC state. The fine
carbide precipitates present at the sub-grain boundaries and MX precipitates in the matrix are helpful for enhanc-

P92 steel in different operating condition
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ing the essential creep strength of P92 steel by pinning the movement of dislocations, PAGBs and sub-grain
boundaries. Hence, the optimum combination of mechanical properties is obtained at tempering temperature of
760 °C, after the austenitizing at 1040 °C for 40 min.

3.4 Effect of varying tempering time

In the previous study, normalizing and tempering temperature are varied to obtain the enhanced
combination of microstructure and mechanical properties. The maximum normalizing temperature was rec-
ommended to be about 1050 °C while tempering at 760 °C, followed by air cooling. In this section, an initial
heat treatment of normalizing at 1040 °C for 40 min was performed, in order to get the complete martensitic
structure. The normalized steel was subjected to tempering at 760 °C for varying tempering from 2-8 hours
for microstructure and mechanical properties analysis. Heat treatment was performed as per Table 7.

3.4.1 Microstructure evolution and precipitate in T760-2-AC, T760-4-AC, T760-6-AC, T760-8-AC conditions
Effect of varying tempering time on microstructure evolution is shown in Fig. 20. Microstructure re-
veals the tempered martensitic microstructure that derives its stability from solid solution and precipitation
hardening. PAGBs and carbide precipitates are clearly indicated both at lower and higher magnification. The
M23Cs appears in the early stages of the tempering process and is usually Cr-rich (Cr23Cs). Mo, Mn, and Fe can

also form the carbide structure, but Cr carbide
is more commonly encountered due to its
thermal stability and the relative abundance of
chromium in the matrix of the steels con-
cerned. Grain coarsening is clearly observed
with increase in tempering time from 2 h to
4 h, as shown in Fig. 20, a, c. During increase
in tempering time from 2 h to 4 h, the particle
size was not affected so much and it increased
from 110£39 nm to 114442 nm but a reduction
in the number density of precipitates is ob-
served due to grain coarsening. In T760-4-AC
condition, a great heterogeneity is observed in
particle size and it varies from 31 to 251 nm.
The grain coarsening leads to the lower precip-
itation of carbides during tempering because
of smaller number of grains per unit area and
the reduction in precipitates density, as shown
in Fig. 20, b, d, which leads to a reduction in
creep strength of the material. During further
increase in tempering time from 4h to 6 h,
recrystallization occurs and no grain coarsen-
ing is detected, as shown in Fig. 20, c, e, and at
the same time formation of new grains leads to
higher area fraction of precipitates as shown in
Fig. 20, d, f. During increase in tempering
time from 4 h to 6 h, grain coarsening was not
observed but thermal straining of existing pre-
cipitates occurred and particles size increased

from 114442 nm to 121446 nm. In T760-6-
AC condition, particle size varied in the range Fig. 20. Microstructure of P92 steel tempered at 760 “C

of 32-257 nm. During further increase in tem- for different tempering time and different magnification:
pering time from 6 h to 8 h, no grain coarsen- a—2 hat5000x; b—2 hat 50 Kx; ¢ — 4h at 5000x; d — 4h at 50 KXx;

T e— 6 hat 5000x; f—6h at 50 Kx; g — 8 h at 5000x; h—8 h at 50 Kx
ing is observed, as shown

in Fig. 20, e, g. The area fraction of precipitates is decreased, which is clearly observed in Fig. 20, f, h. After
tempering of 8 h, a drastic increase is observed in particle size and it increases from 121+£46 nm to 157+58 nm,
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as shown in Fig. 20, b, which is quite harmful in terms of creep strength. In T760-8-AC condition, particle size
varied within 38-323 nm. Coarse precipitates in order of 300 nm are also observed from the low magnification
micrograph, as shown in Fig. 20, g. Generally, formations of coarse precipitates are observed along PAGBs.
Inside the lath matrix region, less density of precipitates is observed as shown in Fig. 20, g.

Effect of tempering time on lath width and interparticle spacing is given in Fig. 20, a. In as-received
condition, lath width was measured to be 0.40+.035 um, which was similar to as reported by Vivas et al. [31].

A great heterogeneity is observed in | Lo i s s o
lath width and interparticle spacing. Lath width | * " O
remained stable up to tempering time of 4 h and 2"} ’
after that, it increased drastically up to 8h.| &,/ / . ) I 1 1
Tempering time had a small influence on the | §oul | | 7 izl __M
particle-to-particle distance up to tempering | ¥ o« =—— 04 1 3 100 I ‘ ‘ =
time of 6 h and after that it increased drastically, l 033 s T ‘
as shown in Fig. 21, b. To study the effect of o PP e P
varying tempering time on the relative change () aae] = VSRR o b it truikg iy
in the composition of Mj3Cs, Cr/Fe ratio has e ]
been evaluated. To quantify the various 028 t :
elements present in M23Cg carbide, the EDS o
spectra have been taken for various tempering "oz
state and plotted in Fig. 21,c. A continuous %=
increase in the Cr/Fe ratio is observed with in- 5 _
crease in tempering time from 2 to 8 h. The in- T TNOZAC TROAC TIIDGAG TN
Créase In Cr/Fe ratio W'_th tempering time at- Fig. 21. Variation in lath width and particle-to-particle distance
tributed towards the continuous development of showing:
the meta-stable M23C6 phase. Thomas Paul et al. a — variation in precipitate size;
[26] also observed the continuous increase in b — compositional variation of M3Cs carbides;
Cr/Fe ratio during thermal aging with respect to ¢ —as a function of tempering time
time and temperature.

3.4.2 Grain size

A good agreement was obtained for the grain size measured with op-
tical micrograph and SEM, which is shown in Fig. 22. After tempering at
760 °C for 2h (T760-2-AC), the tempered martensitic structure with an
average austenite grain size of about 39+6 um is observed, as shown in
Fig. 22. The grain size increased from 3946 um to 52+8 um, as shown in
Fig. 22. With further increase in tempering time from 4 h to 6 h, no grain
coarsening was observed because of formation of new grains, and grain size
decreases from 5248 um to 48+6 um. With further increase in tempering | 3 7
time from 6 h to 8 h, there was decrement in grain size from 48+6 um to | THO0-2AC TTH0AAG THOAAG TTO08M

46+8 um, which was almost similar to the grain size of "as-received” | Fig. 22. Variation in grain size
P92 steel. as a function of tempering time

3.4.3 Tempering time effect on mechanical properties

The variation in yield strength (YS), and ultimate tensile strength (UTS) with tempering time is shown
in Fig. 23, a. The YS and UTS were found to be decreasing continuously with increase in tempering time up to
8 h. The extent of decrease in YS and UTS is much higher for tempering time of 8 h. Increase in tempering
time from 2 h to 4 h, grain coarsening and lath widening lead to lower precipitation. The grain coarsening re-
sulted in lower precipitation and higher solid solution hardening. However, softening effect due to grain coars-
ening and thermal straining of precipitates dominates over solid solution strengthening provided by C and N
presence in the solution matrix. Increase in tempering time from 4 to 6 h results in the formation of fine grains
due to recrystallization. Almost negligible amount of grain coarsening, precipitate coarsening and lath widening
lead to a negligible reduction in YS and UTS. A drastic decrease in YS and UTS is observed after tempering up
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to 8 h. Tempering up to 8 h results in grain refining that leads to higher precipitation across PAGBs and lath
boundaries and considerable lowering in solid solution strengthening. For the same tempering time, a drastic
increase in precipitate size is also observed. Hence, lowering in solid solution strengthening and precipitate
coarsening might be the cause of the drastic reduction in YS and UTS of P92 steel.

Effect of varying tempering time on microhardness of P92 steel is shown in Fig. 23, b. Microhardness
is observed to be decreased with increase in tempering time. The decrease in hardness is attributed to the
tempering of martensite and precipitation of M23Cs carbide and fine MX carbonitride particles. After tempering
of 2 h, hardness value was measured to be about 276 HV. With increase in tempering time from2hto4h, a
little change in hardness value beyond which a large amount of grain coarsening occurs was noticed. Lower
availability of precipitate nucleation sites results in a considerable lower inginfraction area of precipitates that
led to solid solution hardening. Increase in solid solution hardening might be the possible cause of the increase
in hardness but at the same time, grain coarsening and thermal straining of particles were also observed which
results in lowering of hardness value. Grain coarsening and precipitate coarsening dominate the solid solution
hardening that resulted in a reduction in hardness for T760-4-AC condition compared to T760-2-AC. The same
effect is also observed on further increase in tempering time. Increase in tempering time from 6 h (T760-6-AC)
to 8 h (T760-8-AC) results in a drastic decrease in hardness value as shown in Fig. 23, b. It occurs mainly due
to softening the effect. The effect of tempering time for tempering temperature of 760 °C on the room
temperature Charpy toughness of P92 steel is shown in Fig. 23, b. Increase in tempering time increases the ma-
terial energy absorbing capacity up to tempering time of 6 h and after that, it decreases drastically.

A decrease in impact toughness value after
6 h of tempering is attributed to cracking of
secondary phase carbide particles during | .
thermal straining and decohesion at precipi- | = .
tates and matrix interface. The maximum |z
impact toughness value of P92 steel was |z .,
observed after tempering of 6 h and it was |z ? {

[ op—— b) o Chigyy teughnuns (Jousia)
@) [ Yiwd srvogh (NPs) (b) s Mistrandness (HV)

'\

a4.AL THROEAL Treo-8-AC

Chaipy Soughnaess {Jodes)

about 265 Joules, which was much more
than the impact toughness value of P92 steel 780
in the as-received state (198 Joules).

A combined study has been done to
obtain the optimum combination of mechan-
ical properties, grain size, and precipitates
size for varying tempering time at the tem-

=¥ T7E0-2-AC TTE0-4-AC T7606-AC T760-8-4C o
Fig. 23. Variation in tensile properties with tempering time (a)
and variation in Charpy toughness and micro hardness
with tempering time (b)

ridness (VHN)
00 N
strongth (MPa)[™ %

pering temperature of 760 °C. From Fig. 24, .

it was observed that optimum combination 52 R R

of mechanical properties, grain size, and 23 T Ty

particle size are obtained for tempering time -

of 6 h. After 6 h of tempering, precipitates §°7 \

size is observed to be increased, this might & 494

be quite harmful in terms of creep strength. % e i ;
Even at 2 h tempering, better combination of & mm——_ T 200 "
mechanical properties was observed, except R I =
toughness and high grain size, which reduc- BT g S DY R PO T i g

es the area fraction of carbides precipitates.
For the economy purpose, in place of 6 h of | Fig. 24. Combined effect of tempering time at temperature of 760 C
tempering, generally 2 h of tempering was | on mechanical properties (YS, UTS, Toughness, and Hardness),
performed after austenitizing. grain size, and particle size

4. Conclusions
1. The optimum combination of the microstructure and mechanical properties were obtained for
normalizing temperature of 1040 °C with tempering time of 760 °C.
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2. The poor mechanical properties were obtained for the furnace-cooled condition, which was at-
tributed to precipitate and grain coarsening.

3. The reduction in strength and hardness was obtained with increase in tempering temperature,
which might be due to tempering reaction which includes the lath break up, reduction in dislocation density
and increase in precipitates size and fraction area of the precipitates.

4. In AC and T350 state, a negligible precipitate was observed along the boundaries. However, at higher
magnification, fine precipitates of MX type were obtained along the lath blocks and inside the matrix region.

5. The Cr, Fe, Mo and Wo enriched M23Cs, M7C3 and V and Nb enriched Mx type precipitates were
obtained.
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Bnuiue pizHuX pe:kuMiB TepMidHOT 00p00KHM Ha MIKPOCTPYKTYPY Ta MeXaHIYHi BJIaCTHBOCTI
cTajgeBuX WBiB THIY P92

Vinay Kumar Pal, Lokendra Pal Singh

@daxynpTeT MAIIMHOOYTyBaHHS, Y HIBEPCHUTET CUIILCHKOTO FOCIIOAAPCTRA, TEXHONOTH 1 Hayk Cema XirriHO0oTTOMA,
Annaxaban, 211007, Yrrap-Ilpagem, [aais

Cmani muny Cr-Mo 0obpe 8i0omi c80im 6ucoxomemnepamypHum 3aCMoCY8aAHHAM HA MENI08UX eleKmpocma-
nyiax. P91, P911 i P92 ¢ naibinvw wacmo suxopucmogysanumu cmanamu muny Cr-Mo, po3paxosanumu Ha 8UCOKi
memnepamypu. Cmani ompumanu ceoio Miynicms 6i0 3a2apmosanozo mapmencumy ma ocadie muny MX ma Ma3Ce.
Ilepeo npusedennsm cmanei y pobouuti cmawn Oyau nposedeti ix Hopmanizayis ma 3a2apmosysants. Y ybomy pyKkonuci
ONUCAHO BNJIUB PIZHUX PEAHCUMIB MEPMIYHOI 00POOKU HA MIKPOCMPYKMYPY ma mMexaniyni enacmueocmi cmani P92. Jloc-
JOJHCEHO GNAUG HOPMANI3AYil HA MIKpOCMPYKmMYPY ma mexauiuni eracmusocmi. Hopmanizayis 6yna npogedena 8 dia-
nazoni 950-1150 °C. Taxoorc 6y10 UBUEHO 6NAUE PIZHO20 HACY 2APMYBAHHS HA MeXAHIUHY noeedinky cmani P92 i do-
KAAOeHO 3YCUb 0N 8CMAHOBIEHHS 36 A3KY MidC MIKPOCMPYKMYPOIO md MeXaHidnumu enacmusocmamu. /[na oochi-
00fCeHHs MIKDOCMPYKMYPU SUKOPUCIOBYBATIUCA ONMUYHULL | CKAHYIOUUL eleKMPOHHULL MiKpockonu. /[ oxapaxmepu-
3YBAHHI MEXAHIYHOI N0BeOIHKU OYaU NPposedeHi BUNpPoOYsanHs Ha po3msie, meepoicmv ma yoaphy 6 szkicmo 3a Lllapni.
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